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ABSTRACT  \ 

v  l  \  ^ 

Fatigue  tests  were  made  on  graph i te/epoxy  b cited 
joints  with  an  eight  ply  quas i -i sot ropi c  (90°/  -45°/  0°/ 
+45°)s  laminate  containing  6.35mm  diameter  holes.  A  ten¬ 
sile  load  was  applied  to  the  specimens  using  a  double  lap 
joint  configuration  with  socket  head  cap  screws  torqued 
to  4.0  N-m.  Preliminary  investigation  involved  static 
testing  on  a  range  of  specimen  geometries  to  determine 
failure  modes/  ultimate  strengths/  and  torque  effects. 


Increasing  load  (Prot)  fatigue  tests  gave  endur¬ 
ance  limits  as  fractions  of  average  static  st  rength  Ipwere 
.94  for  tension  through  the  hole/  .90  for  corner  shear/ 
shear/  and  .88  for  bearing.  The  only  comparable  existing 
data  found  was  approximately  .80  for  bearing  fatigue. 
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1.  INTRODUCTION 

At  an  ever  increasing  rate*  advanced  fiber  reinforced 
composite  materials  are  being  used  by  the  aerospace  industry 
in  space  and  airframe  structures.  Several  features  of 
these  materials  make  them  particularly  suited  to  this 
industry: 

i)  Weight  savings 

ii)  Anisotropic  strength 

iii)  High  fatigue  to  tensile  strength 

iv)  High  damage  tolerance. 

As  composite  components  become  larger  and  more  numer¬ 
ous*  so  do  the  problems  of  joining  them  to  structural 
members  and  each  other*  whether  by  bonding  or  mechanical 
fasteners.  While  bonded  joints  are  stronger*  lighter*  and 
have  less  stress  concentration*  they  require  surface  pre¬ 
paration*  are  susceptible  to  climatic  degradation*  cannot 
be  disassembled*  and  are  difficult  to  inspect.  Mechanically 
fastened  joints  in  composite  materials*  while  easier  to 
assemble*  inspect*  and  repair*  require  machining  of  holes 
and  create  stress  concentrations  at  the  bearing  surface. 

Very  little  work  has  been  done  on  bolted  joints*  even 
though  they  have  proven  to  be  both  structurally  efficient 
and  necessary.  Literature  on  static  loading  has  only 
originated  within  the  past  few  years  and  ranges  from 
joint  design  for  specific  applications*  such  as  the  space 
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shuttle  <1 )/  to  simple  joints  (2)/  to  comprehensive  test 
programs  for  multi-bolt  joint  design  (3).  The  only  infor¬ 
mation  found  to  date  on  bolted  joint  fatigue  (4)  provides 
S-N  bearing  data  for  several  different  layups  in  a  single 
lap  joint/  but  is  clearly  only  the  beginning.  For  the 
dynamic  environment  that  these  structures  will  experience/ 
fatigue  must  be  taken  into  consideration.  Hopefully/  the 
increasing  load  (Prot)  fatigue  methods  discussed  he  re  will 
prove  to  be  reliable  and  expedite  research  efforts. 
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2.  THE  EXPERIMENT 

2 .1  Laminate  Selection 

Since  the  possible  fiber  patterns  in  composites  are 
unlimited#  a  layup  that  has  proven  effective  in  increasing 
bolted  joint  strength  was  selected  from  the  qua s i -i sot r opi c 
group.  Although  high  matrix  stresses  occur  when  numerous 
adjacent  plies  are  in  parallel  orientation#  this  layup 
(90°#  -45 °#  0°#  +45°)s  rotates  successive  about  the  sym¬ 
metric  centerline  to  obtain  a  uniform  dispersion  of  fiber 
directions.  Although  this  is  ideal  for  joint  design#  it 
does  not  allow  orienting  fibers  to  maximize  strength  and 
stiffness.  Other  methods  are  being  tested  to  aid  these 
more  unidirectional  composites  such  as  adding  Mylar  film 
or  extra  plies  or  routing  glass  or  Kevlar  fibers  around 
the  bolt  hole.  Although  some  fabrication  difficulties 
are  associated#  they  show  gre^t  premise  and  are  subjects 
of  continuing  investigation. 

2.2  Specimen  Preparation 
2.2.1  Material 

Hercules  type  AS  3501/6  pre-impregnated  graph¬ 
ite/epoxy  tape  was  used  for  this  study.  Conventional 
techniques  were  used  in  the  layup#  autoclave  curing#  and 
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bonding  of  the  laminates.  A  complete  description  of 
these  procedures  is  given  in  Appendix  A.  Six  300mm  by 
350mm  sheets  were  cured  at  a  time  in  each  of  three  sepa¬ 
rate  cures.  Specimen  panels  were  cut  from  the  larger 
sheets  and  holes  drilled/  using  diamond  studded  saw 
blades  and  drill  bits  with  water  cooling.  There  was  no 
visual  evidence  of  any  defects  associated  with  the  cut¬ 
ting  and  drilling  process. 

2.2.2  Glass/Epoxy  Loading  Tabs 

Eight  ply  (0°2/90°2>s  thick  glass/epoxy/  type 
3M  SP-1002/  was  used  for  the  loading  tabs/  which  were 
bonded  to  the  graphite/epoxy  panels  with  American  Cyanide 
FM  123-2  adhesive  film. 

2.2.3  Design 

Specimens  were  designed  so  that  multiple  data 
points  could  be  obtained  from  the  same  panel/  which  sig¬ 
nificantly  reduced  the  amount  of  material  needed  and  the 
fabrication  time.  Figure  1  shows  a  typical  static  test 
specimen.  After  the  outer  hole  was  tested  (A)/  a  section 
was  cut  off  30mm  above  the  center  of  that  hole.  A  new 
hole  (B)  was  then  drilled/  tested/  and  the  process 
repeated  (C)  giving  three  data  points  from  each  specimen. 
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2 .-3  Specimen  Dimensions  and  Nomenclature 

The  width  (w)  and  edge  distance  (e)/  measured  from 
hole  center  to  end  of  panel/  will  be  given  as  the  ratios 
(w/d)  and  (e/d)/  respectively/  where  (d)  is  the  6.35mm 
hole  di ameter . 


2.4  Loading  Fixture 

Several  types  of  loading  fixtures  were  built  in  an 
effort  to  detect  damage  in  the  specimen  between  the  two 
loading  plates  in  a  double  lap  joint  configuration. 
Attempts  to  use  ultrasonic  reflected  transmissions  were 
unsuccessful  and  although  ultrasonic  through  transmissions 
have  been  successful  in  the  past  (5)/  the  required  dis¬ 
mantling  of  the  loading  fixture  to  use  this  method  would 
have  itself  contributed  to  fatigue.  Since  damage  ini¬ 
tiation  was  primarily  of  interest  in  fatigue  testing/  a 
simple  steel  loading  fixture  (Figure  2)  was  used  for  the 
static  tests.  Fortunately/  the  brittle  nature  of  failure 
permits  some  damage  detection  from  plots  of  load  versus 
crosshead  displacement  and  will  be  discussed  in  Section 
4.4. 

To  observe  damage  visually  during  fatigue  testing/ 
a  fixture  was  designed  using  clear  plexiglass  plates. 
Although  this  fixture  seemed  promising/  the  plexiglass 
is  too  soft  and  the  deforming  graphite/epoxy  caused 
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indentations  which  effectively  reduced  the  clamping  force 
and  made  observation  of  the  laminate  difficult  after  only 
two  tests.  Therefore/  the  steel  loading  fixture  was  also 
used  for  fatigue  testing. 


2.5  Bolts  and  Torque  Selection 

Alloy  steel  socket  head  cap  screws  with  a  tensile 
strength  of  1310  MPa  were  used.  A  new  screw  and  nut  were 
used  for  each  test  to  reduce  bolt  distortion  and  maintain 
as  uniform  a  bolt  clamping  force  between  tests  as  possible. 

Several  factors  were  considered  in  selection  of  the 
torque  for  this  test:  transverse  crushing  strength  of 
specimen/  maximum  bolt  torque/  practical  values  in  use 
today/  and  those  used  in  other  studies. 

While  the  crushing  strength  allows  a  torque  of  60 
N-m  (Appendix  B)  and  the  maximum  bolt  torque  is  27  N-m 
(6)/  most  data  is  in  the  3.0  N-m  area.  Even  though 
several  sources  report  their  torque  as  being/  "common  for 
composite  application"/  the  torque  is  not  so  much  a 
function  of  the  composite  material  in  use  as  the  joint 
configuration.  Consultation  with  John  Roman  at  the 
Grumman  Aerospace  Corporation  revealed  that  special  tor¬ 
que  values  are  not  given  to  joints  just  because  composites 
are  used  and  he  recommended  a  value  between  3.4  -  4.5  N-m 
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for.  a  double  lap  joint  configuration.  Therefore*  a  value 
of  4.0  N-m  was  selected  for  these  tests. 


t 
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3.  STATIC  TESTING 


3.1  Objectives 

Although  data  are  available  on  strengths  and  failure 
modes  of  double  lap  bolted  joints/  there  were  enough  dif¬ 
ferences  in  required  layup/  torque/  and  thickness  to 
require  a  separate  test  program.  A  total  of  eighty 
specimens  were  tested/  with  a  range  of  width  and  edge 
distance  conbinat ions/  to  determine  those  geometries 
that  would  be  tested  under  cyclic  loading.  Basic  laminate 
and  joint  static  strengths  were  needed  for  determination 
of  joint  efficiencies  and  comparison  with  the  endurance 
limits  from  Prot  fatigue  testing. 


3.2  Basic  Laminate 

Five  specimens  were  tested  to  determine  the  material 
properties  of  the  laminate  without  a  hole.  The  monolayer 
and  experimentally  determined  laminate  properties  are 
shown  below: 

Monolayer  Properties 
t pi y  =  135mm  G^y  =  6.0  GPa 

El  =  130  GPa  t^LT  =  .28 

Et  =  10.5  GPa  Vf  =  .60 


.  0  . 
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Experimental  Laminate  Properties 


lpl  y 

=  137mm  Ave. 

G 

=  18  GPa 

Ex 

=  48  GPa 

l) 
x  y 

=  .28 

Ey 

=  45  GPa 

tJyx 

=  .24 

F  tu 
rx 

=  486  MPa 

F  su 
rx  y 

=  320  MPa 

3 . 3  Joint  Efficiency  Analysis 

Joint  efficiency/*^/  is  defined  as  the  ratio  of 
failure  load/  P/  to  the  unnotched  laminate  ultimate  ten¬ 
sile  strength/  FxtU/  times  the  gross  section  area/ 


A  = 


(1) 


Data  from  static  testing  is  presented  in  Figure  3  as  the 
variation  in  joint  efficiency  with  width  (w/d)  and  edge 
distance  (e/d).  Since  three  specimens  were  tested  at 
each  geometry/  they  were  averaged  and  plotted  as  one 
point.  The  relationship  of  joint  efficiency  to  joint 
geometry  is  given  by  writing  Eq  (1)  for  the  various 
failure  modes  as  a  function  of  stress  concentration 
factors  (tension  -  ct/  shear  -  cs/  bearing  -  ct>)  and 
ultimate  laminate  strengths  (tension  -  Fxtu/  shear  - 
F  Su/  bearing  -  Fbr)  as/ 

*  7 


-  (F  tu/c*Hw-d)t 

Tension  =  — * - - - 

1  _  *  1 1 


Fxtu  wt 


C1-d/w> 


Shear 


<Fxy  /cs)(2et) 

c  tU  «. 

F  x  wt 


F™csdw 


Bearing 


<Fbr/cu)(dt) 


c  t  u 
Fx  wt 


_  tU 
Fx  cbw. 


They  show  the  expected  dependence  of  tension  and  bearing 
on  width/  white  shear  is  a  function  of  edge  distance  at 
any  particular  width.  Equations  (2  -  4)  can  be  further 
reduced  by  calculating  the  actual  stress  concentration 
factors  encountered  during  these  tests/  cb  =  1  Cs  -  1.5 
ct  =  1.45/  and  substituting  values  for  the  ratios  of 
laminate  shear  and  bearing  strength  to  tensile  strength/ 
FxySu/Fxtu  =  .67  F^r/Fxtu  =  2.  While  the  stress  con¬ 
centration  factors  are  average  values  based  on  just  a  few 
tests/  the  actual  values  do  not  vary  much  over  the  range 
of  geometries  studies.  The  results  are: 


»l«  ■ 


(1-d/w) 
1  .45 


=  .95 (e/d)  (d/w) 


■b  =  2d/w. 
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These  equations  are  indicated  on  Figure  3  and  show  Lines 
along  which  the  respective  type  of  failure  (Figure  4)  would 
predominate  if  there  was  no  transition  between  modes.  If 
stress  concentration  factors  are  known  beforehand'  both  the 
expected  failure  mode  and  load  can  be  determined  for  a 
particular  joint  geometry.  Although  it  is  not  possible  to 
determine  which  mode  will  predominate  in  a  transition  area# 
the  area  itself  can  be  determined  by  equating  joint 
efficiencies. 


3.4  Selection  for  Fatigue  Study 

On  the  basis  of  the  static  tests'  four  geometries  were 
selected  for  fatigue  study  because  they  represented  tension' 
shear'  corner  shear'  and  bearing  failure.  These  four  modes 
provide  a  basis  on  which  the  Prot  method  can  be  evaluated. 

Corner  shear'  while  not  one  of  the  more  basic  failure 
patterns'  was  selected  because  it  was  shear  strength  critical 
but  did  not  exhibit  the  same  failure  surface  as  shear. 
Probably  a  better  description  would  be  corner  tearout.  It 
will  be  tested  and  presented  in  the  same  group  as  the  shear 
specimens  because  of  the  identical  shear  failure  strengths. 
Those  geometries  selected  are  shown  below: 


i)  Tension  ~  w/d  =  4  e/d  =  4  =  .5 

Average  ultimate  strength  -  320  MPa 


20 


ii)  Shear  -  w/d  =  8  e/d  =2  A  =  .22 

Corner  Shear  -  w/d  =  5  e/d  =  2  A  -  *24 
Average  ultimate  strength  -  220  MPa 

iii)  Bearing  -  w/d  =  8  e/d  =  8  A  -  .24 
Average  ultimate  strength  -  960  MPa 


3.5  Pin  Loading 

Every  geometry  was  also  tested  with  pin  loading  to 
determine  the  effect  of  clamping  force.  Regardless  of 
width  and  edge  distance/  failure  was  by  bearing.  Figure 
5  shows  testing  computer  plots  for  the  4.0  N-m  and  0  N-m 
torque  values  and  demonstrates  the  impact  that  clamping 
force  has  on  failure  load.  Average  reductions  in  yield 
and  ultimate  bearing  strengths  were  40  and  55  percent/ 
respectively. 
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4.  FATIGUE  TESTING 


4.1  Objective 

To  develop  a  program  for  fatigue  testing  using  the 
Prot  method  and  establish  endurance  limits  for  the  three 
basic  failure  modes:  tension*  shear/corner  shear*  and 
bearing. 


4.2  The  Prot  Method 

The  Prot  method  has  proven  to  be  effective  in  fer¬ 
rous  metals  for  providing  an  estimate  of  the  endurance 
limit  from  a  minimum  number  of  tests  (7).  It  is  based 
on  the  assumption  that  a  linear  relationship  exists 
between  the  fatigue  failure  stress*V"f*  endurance  limit* 
0"e*  and  the  square  root  of  the  load  increase  per  cycle* 
x  * 


Xf  =  Ve  +  kVT.  (8) 

The  advantage  of  this  method  is  that  every  specimen  breaks 
and  contributes  to  the  endurance  limit  estimate*  so  fewer 
specimens  are  necessary.  An  assumption  of  the  Prot  method 
is  that  an  endurance  limit  exists*  and  cycles  of  stress 
below  this  level  cause  no  damaging  or  strengthening  effect 
in  the  material.  Therefore*  the  stress  at  which  loading 
is  initiated  will  not  affect  the  results  as  long  as  it  is 


below  the  endurance  limit.  The  continuously  increasing 
load  was  simulated  by  30  -  40  step  increases#  depending 
on  specimen  life#  with  1#80Q#  7#200#  and  27#000  cycles/ 
step  for  tension  and  shear/corner  shear  and  3#600#  18#000# 
and  36#000  cycles/step  for  bearing. 

4.3  '  SF-1U  Fatigue  Machine 

4.3.1  Loading  Apparatus 

The  SF-1U  operates  at  a  constant  30  Hz  with 
a  preset  mechanical  oscillating  load  and  automatic#  but 
adjustable#  static  force  controller.  Because  of  the 
change  from  the  hydraulic  grip  static  test  machine  to  the 
fatigue  loading  fixture  (Fig  6>#  specimens  (Fig  7)  had  to 
be  altered  to  allow  a  pin  connection  through  the  loading 
tabs  and  limited  each  specimen  to  one  data  point  due  to 
length.  The  machine  produced  reliable  results  and  is 
particularly  suited  to  stiff  materials  such  as  graphite/ 
epoxy . 

4.3.2  Test  Procedures 

Loading  was  initiated  after  insuring  the 
bolted  joint  and  pinned  loading  connection  were  in  line. 
Initial  maximum  stress  was  selected  as  50  percent  of  the 
respective  failure  strength  and  the  minimum  to  produce 
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a  mean  load  ratio/  R  =  ^min'  *1*  Loads  were 

added  while  cycling  using  the  automatic  static  force 
controller.  Since  this  load  increases  both  the  maximum 
and  minimum  stress/  a  constant  R  value  could  not  be 
obtained.  Once  each  test  reached  75  percent  of  static 
strength/  the  oscillating  load  was  stopped  and  it/  along 
with  the  static  load/  was  adjusted  to  return  R  to  .1. 

The  initial  stress  increase  rate  was  chosen  so  the  test 
would  take  approximately  10^  cycles  to  go  from  50  to  100 
percent  of  static  failure  strength  in  one  percent  step 
increases.  Faster  rates  were  then  chosen  for  a  broad 
range  of  values. 


4.4  Damage  Detection 

Analysis  of  the  load  versus  crosshead  displacement 
plots  (Fig  8)  from  static  testing  showed  a  significant 
load  dropoff  at  bearing  yield  while  only  a  series  of 
small  load  reductions  preceded  failures  by  tension/  shear/ 
or  corner  shear.  The  automatic  static  load  controller 
was  sensitive  enough  to  correct  for  the  small  load 
reductions  and  gave  a  reliable  forecast  of  failure  while 
bearing  yield  was  clearly  indicated  by  continuous  operation 
of  static  load  control  for  approximately  five  seconds. 
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4.5  Endurance  Limits  and  Statistical  Analysis 

Results  of  the  Prot  fatigue  testing  are  shown  in  Fig¬ 
ures  9  -  11.  A  least  squares  line  is  drawn  through  the 
data  by  eye  and  extrapolation  back  to  zero  rate  of  load 
increase  produces  the  desired  best  estimate  of  the  endur¬ 
ance  limit.  Reductions  in  strengths  as  fractions  of  average 
static  strength/  by  this  method  ranged  from  .06  for  tension/ 
to  .1  for  shear/corner  shear/  and  .12  for  bearing. 

Since  scatter  is  inherent  for  fiber  composites/  we 
must  now  predict  a  lower  limit  for  the  stress  which  would 
cause  failure  of  the  next  specimen  at  zero  rate  of  load 
increase.  The  regression  analysis  described  in  reference 
8  can  easily  be  applied  in  this  case  and  a  quick  approxi¬ 
mation  made.  For  a  confidence  factor  of  95  percent  and 
the  number  of  specimens  in  this  test/  the  95  percent  lower 
limit  will  be  below  the  endurance  limit  by  about  twice 
the  standard  deviation  of  the  stress  levels.  Since  the 
standard  deviation  for  a  normal  distribution  is  that  dis¬ 
tance  on  each  side  of  the  least  squares  line  which 
encompasses  tow-thirds  of  the  sample/  the  lower  95  percent 
prediction  limit  can  be  simply  estimated  by  eye. 
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5.  CONCLUSIONS  AND  RECOMMENDATIONS 

Although  there  is  limited  conventional  data  for 
comparison/  the  endurance  limits  obtained  from  the  Prot 
method  are  approximately  10  per  cent  higher.  A  slight 
increase  in  endurance  limits  for  metals  was  also  indicated 
using  this  method  (7)/  but  the  inability  to  maintain  a 
constant  R  value  also  contributed.  While  data  used  for 
comparison  (A)  was  all  gathered  with  an  R  value  of  .05/ 
a  range  of  .1  -  .3  could  only  be  met  by  this  test  program. 
Using  the  Prot  method  under  identical  test  conditions 
could  continue  to  show  this  procedure  as  reliable  as 
conventional  techniques.  This  method  is  also  suited  to 
specialized  joint  configurations  where  an  endurance  limit 
could  be  obtained  from  a  limited  number  of  tests. 

An  interesting  aspect  of  designing  for  fatigue  is 
the  amount  of  scatter  obtained  in  testing.  In  these  tests/ 
the  strength  reduction  to  obtain  the  endurance  limit  is 
not  as  large  as  that  associated  with  obtaining  the  95  per¬ 
cent  confidence  limit.  Until  more  information  is  available/ 
a  high  safety  factor  must  be  employed. 

Clamping  force  is  extremely  critical  in  composites 
because  of  the  reduction  in  bearing  yield  strength  for 
pinned  connections.  This  is  before  consideration  of 
fatigue/  which  would  cause  further  reductions.  While 
torque  lock  nuts  do  not  ensure  a  constant  clamping  force/ 


26 


they  are  probably  the  most  practical  means  of  solving  this 
problem. 

Use  of  the  joint  efficiency  equations  makes  it  pos¬ 
sible  to  obtain  rough  estimates  of  failure  data  if  good 
approximat ions  of  the  stress  concentration  factors  can  be 
made . 

The  results  of  this  test  and  desirable  characteristics 
of  the  Prot  method  warrant  further  study.  If  the  in¬ 
creasing  load  method  can  be  shown  to  be  as  reliable  as 
conventional  testing/  the  time  savings  will  be  significant. 
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Figure  1.  Static  test  specimen 
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Figure  3.  Failure  modes  as  a  function  of  joint  geometry 
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.  Variation  of  load  with  clamping  force 
for  bearing  critical  specimens 
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Figure  6.  Fatigue  Loading  Grips 
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Figure  9.  Prot  fatigue  data  -  Tension  failure 
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Figure  11.  Prot  fatigue  data  -  Bearing  failure 
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APPENDIX  A 

CURING  AND  FABRICATION  PROCEDURES 
A .  1  Graph i te/Epox  y 

Individual  plies  were  cut  from  the  300mm  by  30m  rolls 
using  templates  and  X_Acto  knives.  These  plies  were  then 
laid-up  in  the  appropriate  sequence  C90°/  -45°/  0°/  +45°/ 
+45°./  0°/  -45°/  90°)  to  form  300mm  by  350mm  sheets  of  un¬ 
cured  laminate.  Angles  are  measured  from  the  longitudinal 
axis/  with  clockwise  positive. 

A  fabric  peel  ply  was  then  put  on  each  side  of  the 
laminate  which  allows  excess  resin  to  escape  during  cure. 
The  other  materials  and  layup  required  for  the  curing 
process  are  shown  in  Figure  A1 .  One  sheet  of  paper  resin 
bleeder  is  used  for  each  two  plies  in  the  laminate  and  is 
the  only  part  of  the  layup  that  would  change  as  the  number 
of  plies  in  the  laminate  is  increased. 

Six  laminates  were  cured  at  one  time  in  an  autoclave 
using  the  cure  cycle  shown  in  Figure  A2/  and  the  entire 
assembly  was  allowed  to  cool  to  room  temperature  before 
dismantling.  The  laminates  were  then  post  cured  in  an 
oven  for  eight  hours  at  350°  F. 

The  graphite/epoxy  was  cut  into  strips  on  a  milling 
machine  using  a  water-cooled  diamond  blade  at  a  speed  of 
9  3/4  in/min.  To  avoid  any  damage  to  the  laminate/  the 
peel  ply  was  not  removed  until  after  cutting. 
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Holes  were  drilled  in  the  graph i te /epox y  using  a  flat 
head  diamond  studded  drill  <6. 10mm  dia)  and  reamer  (6.35 
mm  dia)  set.  In  several  ca ses/  delamination  of  the  90° 
fibers  on  the  bottom  of  the  specimen  ocurred  due  to  lifting 
the  graphite/epoxy  panel  during  the  drilling  process. 

These  specimens  were  discarded/  but  in  all  cases  that  the 
drill  was  allowed  to  completely  go  through  the  laminate 
prior  to  moving  it/  a  high  quality  hole  was  obtained  with 
no  visible  defects. 


A . 2  Glass/Epoxy  Loading  Tabs 

The  glass/epoxy  is  cut  from  300mm  wide  rolls  and  laid- 
up  eight  plies  thick  (0°2/90°2)s  to  form  300mm  square  sheets. 
The  curing  layup  is  shown  in  Figure  A3  and  curing  was 
accomplished  at  340°  F  for  two  hours  (no  heat  up  or  cool 
down  rates  specified)  with  a  pressure  of  25  psig  and 
vacuum  set  at  28  in  Hg.  Loading  tabs  are  cut  from  the 
large  sheet/  15  1/2  in/min/  with  a  water-cooled  diamond 
blade.  Tabs  are  75mm  long  and  4mm  wider  than  the  graphite/ 
epoxy  specimen  that  they  will  be  bonded  to.  One  edge 
of  the  tab  is  beveled  at  30°  to  the  plane  of  the  specimen 
to  help  relieve  the  stress  concentration  at  the  bond  edge 
(4)  . 
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A .3  Bonding  of  Glass/Epoxy  Tabs  to  Graphite/Epoxy 

Adhesive  film/  American  Cyanide  FM  123-2/  was  used  to 
bond  the  glass/epoxy  tabs  to  the  graph i te/epoxy  specimens. 
The  adhesive  film  was  cut  slightly  larger  than  the  loading 
tab  and  requires  care  in  handling  to  keep  it  clean  and  pre¬ 
vent  contamination.  Specimens  are  then  cured  in  the  auto¬ 
clave  using  the  layup  in  Figure  A4  and  a  two  hour  cure 
cycle  at  240°  F  with  zero  pressure  and  28  in  Hg  vacuum. 
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HS6262  Plastic  Vacuum  Bag 

Fiberglass  Cloth  #7781 

Aluminum  Plate  6.35mm  Thick 

Nonporous  Teflon 

Fiberglass  Resin  Bleeder  #120 
(2  plies) 

Porous  Teflon 
Peel  Ply  #3921 
8  Ply  Glass/Epoxy 
Peel  Ply  #3921 
Porous  Teflon 

Fiberglass  Resin  Bleeder  #120 
Nonporous  Teflon 

Aluminum  Base  Plate  6.35 mm  Thick 
Glass/epoxy  curing  layup 


HS6262  Plastic  Vacuum  Bag 
Fiberglass  Cloth  #7781 
Aluminum  Plate  6.35mm  Thick 
Nonporous  Teflon 
Spec  imen 

Nonporous  Teflon 

Aluminum  Base  Plate  6.35mm  Thick 


Figure  A4.  Bonding  layup 
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APPENDIX  B 

CRUSHING  STRENGTH  MAXIMUM  TORQUE 


The  minimum  bolt  torque  necessary  to  cause  crushing 
of  the  graphite/epoxy  between  steel  loading  plates  was 
calculated  using  beam  on  an  elastic  foundation  theory  (9). 

Deflection  in  the  laminatesAts  as  a  function  of  bolt 
clanping  force  s  Ps  modulus  of  the  foundations  ks  and  dis¬ 
tance  pe r pe nd i c u l a r  to  load  applications  xs  can  be  approxi¬ 
mated  by 


At 


1L  -/»* 

=  2k  e 


(cos  fix  +  sin  fix) 


CB1) 


where /Sis  a  parameter  determined  from  the  modulus  of 
steels  E$s  of  207  GPas  and  moment  of  inertias  Ixs  using 
the  notation 

'  ■  y^r. 

A  value  for  k  can  be  calculated  by  representing  the 
transverse  crushing  strengths  Vcs  of  172  MPa  as  a  uniformly 
distributed  load  across  the  width  of  the  plate  (50.8mm)s  bs 
causing  a  deflection  equal  to  the  crushing  strains  £cs  of 
16s120xin/in  times  one  half  the  laminate  thickness  (1.08mm)s 
t.  The  derivation  proceeds  as 

rc  AA/  A  l  _  Tz  (b)Al/Al  _  2^cb 

£c  t/2  fct/2  Sct  . 


k 


(B3) 
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Substituting  this  result  into Eq(B2)  and  reducing# 
gives  an  expression  for/Swhich  is  dependent  on  the  plate 
thickness#  h# 


0 


■V 


24  W 


Es  £c  th- 


CB4) 


“1 

For  the  plate  thickness  of  9.5mm#  a  value  of/5  of  ,19mm 
i s  found . 

The  entire  width  of  the  plate  does  not  carry  the  load 
since  the  deflection  goes  to  zero  at  /5  x  =  2.35#  or  a 
distance  from  load  application  of  12mm.  If  the  effective 
load  carry  width  is  taken  as  two-thirds  this  value  on  each 
side  of  the  loading  point#  a  new  effective  plate  width# 
be#  of  16mm  is  found. 

Using  this  new  width  in  the  expression  for  k#  Eq 
(B3)  #  the  critical  clamping  force  which  causes  crushing# 


At  =  £ct/2# 


(B5) 


can  be  found  by  reducing  Eq  (Bl)  for  the  case  of  maximum 
deflection#  x  =  0# 

P  =  2  Sc.  b.&  (B6 ) 

fi 

Substituting  the  values  given  above  results  in  a  critical 
clamping  force  of  55#000  N. 


Torque/  T/  is  related  to  the  clamping  force  by  an 
equation  that  can  be  determined  from  the  work  for  displace¬ 
ment  and  friction: 

p  =  -2lTT  - 

“f  j'l'nM  D  07) 

with  a  coefficient  of  friction/^/  equal  to  .15  for  an 
unlubricated  steel  nut  and  bolt  combination/  bolt  diameter/ 
D/  of  6.35mm/  and  fine  thread  pitch/  p/  of  .91mm/  the 
clamping  force  per  N-m  of  torque  is  911  N. 

Using  this  conversion  factor  on  the  critical  clamping 
force  results  in  a  torque  of  60  N-m/  which  is  far  above 
the  27  N-m  capability  of  the  6.35mm  diameter  cap  screws. 
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APPENDIX  C 

TEST  EQUIPMENT  AND  PROCEDURES 


C  .  1  Static 

Static  testing  was  accomplished  on  the  MTS  810 
Hydraulic  Test  System.  The  loading  fixture  remained  in 
place  and  each  specimen  was  aligned  perpendicular  to  the 
cross^ead  with  a  square  prior  to  gripping  and  checked 
afterwarcs.  The  bolt  was  not  torqued  until  after  the 
alignment  check.  The  system  was  operated  under  stroke 
control  at  a  rate  of  .04  in/min. 


C.2  Fat i gue 

C . 2 . 1  Equ i pment 

The  SF-1U  Mechanical  Fatigue  Machine  with  auto¬ 
matic  static  force  controller  and  5:1  multiplying  fixture 
was  used.  The  system  operates  at  30  Hz.  Pictures  of  the 
loading  grips  and  multiplying  fixture  are  shown  in  Figures 
Cl  and  C2/  respectively.  Although  this  machine  is  techni¬ 
cally  outdated/  it  met  the  load  increasing  requirements  of 
the  Prot  method  and  is  suited  to  stiff  materials  such  as 
graphite/epoxy. 
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C .2 .2  Procedures 

While  complete  instructions  for  operation  were 
available/  there  are  several  aspects  of  test  procedures 
that  warrant  discussion.  The  required  parallel  orientation 
of  the  loading  fixture  and  specimen  made  it  impractical  to 
adjust  loading  grip  length.  Therefore/  the  specimens  had 
to  be  designed  so  that  after  application  of  the  static  load/ 
the  oscillating  platen  and  machine  top  plate  were  approxi¬ 
mately  le.el/  as  recommended  by  the  instructions.  After 
the  specimen  was  put  in  place  and  bolt  inserted/  a  load 
of  twenty  pounds  was  put  on  the  specimen  prior  to  applying 
torque  which  allowed  the  specimen  to  center  bolt  and  pin 
connections  with  operator  assistance. 

The  only  problem  with  the  loading  fixture  was  a 
failure  of  the  pinned  connection  by  bolt  thread  crushing 
after  fifteen  runs.  A  bolt  with  a  longer  shaft  length  was 
subst ituted. 

Any  creep  or  extensions  in  the  specimen  were 
corrected  for  by  the  automatic  static  force  controller/ 
which  also  doubled  as  the  prime  indicator  of  failure.  The 
system  was  sensitive  to  load  reductions  of  approximately 
.3  percent  of  ultimate  and  impending  failure  in  tension/ 
shear/  and  corner  shear  were  preceeded  by  a  succession  of 


clicks  corresponding  to  the  static  motor  running  to  correct 
for  the  slight  load  reductions  evidenced  in  the  static  plots 


(Fig  8)  just  prior  to  failure.  Since  bearing  failure 
results  in  a  load  reduction  of  approximately  five  percent/ 
the  static  load  motor  would  come  on  for  around  five 
seconds  at  yield. 

All  step  increases  of  static  load  were  to  the 
nearest  whole  digit  (19.45  lbs)  on  the  counter/  about  .75 
percent  of  ultimate.  When  static  and  oscillating  load 
were  corrected  for  R  value  at  75  percent  of  static  strength/ 
the  static  load  was  reduced  first  by  whole  digits  and  this 
amount  added  to  the  oscillating  load. 

Although  instructions  called  for  a  30  minute 
static  force  controller  warmup  time/  it  was  more  on  the 
order  of  two  hours  and  worked  best  during  long  test 
sessions  or  when  left  on  overnight. 
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APPENDIX  D 

SPECIMEN  DIMENSIONS  AND  FAILURE  DATA 

D . 1  Measurement  s 

The  points  used  for  specimen  measurement  of  width 
(w)r  hole  diameter  (d)r  thickness  (t)*  and  edge  distance 
(e)  are  shown  on  Figure  Dl . 
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Figure  Dl .  Specimen  measurement  points 


The  dimensions  in  Tables  Dl  through  D9  are  the  mini¬ 
mum  values  obtained  from  the  three  widths  (w)  and  as  many 
thicknesses  (•)  as  the  width  would  allow.  Edge  distance 
(e)  was  determined  by  measuring  (a)  plus  one  half  the  hole 


diameter  (d). 
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APPENDIX.  E. 

FAILURE  MODE  PHOTOGRAPHS 


Figure  E3.  Bearing/SHeqr  Failure  Figure  FM.  Bearing  Failure 


P^ure  E.5.  Corner-  Shear  Failure 


Figure  E.6.  Shear  Failure 


